Background: Creatinine based formulae for estimating renal function developed in white populations may be less valid in other ethnic groups. We assessed the performance of various estimating formulae in an Indian population.
Background
Chronic kidney disease (CKD) is increasingly recognised as a public health problem, associated with an increased risk of cardiovascular disease, End-Stage Renal Failure (ESRF) requiring renal replacement therapy (RRT) and a reduced life expectancy [1] . In people with CKD, cardiovascular disease is the leading cause of death, and CKD is an independent risk factor for coronary heart disease (CHD) [2] . In the UK, crude relative acceptance rates for RRT in South Asians (from India, Pakistan and Bangladesh) is 3.5 times that seen in Whites [3] . The burden of CKD in India is not quantified but given the burden of diabetes, hypertension and cardiovascular disease, it is predicted to be high [4] . Information on CKD is needed to enable intervention at early stages of disease to prevent complications and progression to ESRF.
All creatinine-based formulae used to estimate renal function imply an estimation of creatinine generation rate based on demographic variables. It is recognised that methods of estimating Creatinine Clearance (CCl) and Glomerular Filtration Rate (GFR) developed in White populations may require adjustment for use in other ethnic groups [5, 6] . African-American individuals have a higher generation of creatinine from muscle than White subjects, due mostly to greater skeletal muscle mass [7, 8] . Thus co-efficients for African-Americans within MDRD and CKD-EPI result in higher values for estimated GFR (eGFR) than Whites for the same plasma creatinine concentration, age and gender [9] . Similar differences in skeletal muscle mass and creatinine generation exist between Indian and White populations [10] . To date, none of the renal function estimating formulae has been well validated in an Indian population. The CKD-EPI research group carried out work on developing an ' Asian' coefficient but this aimed to incorporate primarily Chinese and Japanese populations [5] .
Rule and colleagues recently investigated the use of Dual-energy X-ray absorptiometry (DXA) measurements of muscle mass to estimate Urinary Creatinine Clearance (UCCl) and compared this to the use of demographic variables [11] . A model based on muscle mass and age had the best fit.
In this mixed urban-rural Indian population from Hyderabad we investigated different methods of estimating renal function, including Rule's formula using measured muscle mass. The objective of this study was to validate the estimation of creatinine generation between different equations used to estimate GFR or CCl against DXA measured muscle mass in an Indian population. We derived 24-hour (24 h) creatinine production from each renal function estimate and compared this to measured muscle mass. This comparison provides a unique insight into the ability of demographic variables within each formula to estimate creatinine generation in an Indian population. Demographic variables in creatininebased estimating formulae primarily account for differences in muscle mass, from which creatinine is largely derived.
We compared estimates of excretory renal function, and consequent classification of CKD, by different formulae. Further, we assessed the association of self-reported measures of vascular disease and hypertension with each estimate.
Methods

Study methodology
Using the framework of a cardiovascular risk factor screen study conducted in factories in north, central and south India [12] a sib-pair comparison study was designed. Details of this are reported elsewhere [13] . The original study was in four factories: Lucknow, Hindustan Aeronautics Ltd; Nagpur, Indorama Synthetics Ltd; Hyderabad, Bharat Heavy Electricals Ltd; and Bangalore, Hindustan Machine Tools Ltd. Factory workers and their co-resident spouses were recruited if they were rural-urban migrants using employer records as the sampling frame. Each migrant worker and spouse was asked to invite one non-migrant same-sex fullsibling, closest to them in age, residing in their rural place of origin. A 25% random sample of non-migrants was invited to participate in the study. Non-migrants were also asked to invite a sibling who resided in the same city but didn't work in the factory. Information sheets were translated into local languages and signed (thumb print acceptable) and informed consent obtained. Ethics approval was from the All India Institute of Medical Sciences Ethics Committee, reference no. A-60/ 4 
Clinic measures
Participants were interviewed and data collected on demographic factors, including socioeconomic status using a subset of 12 questions from the Standard of Living Index (SLI), a household level asset-based scale devised for Indian surveys [14] . These comprised house type, house ownership, toilet facility, lighting source, drinking water source, car/tractor, scooter, telephone, refrigerator, television, bicycle, radio, clock/watch, and weighted to give a maximum score of 33. Weighting was developed by the International Institute of Population Sciences. Individuals were classed as having 'low' (0-7), 'middle' (8) (9) (10) (11) (12) or 'high' (13-33) standards of living. Smoking was assessed as positive if individuals actively smoked or chewed tobacco. Few individuals reported past but not active smoking. A diagnosis of CHD and Stroke was made by self-report of a doctor diagnosis. Weight was measured twice without shoes using digital Seca scales (www.seca.com). Standing height was measured twice without shoes using a portable stadiometer (Leicester height measure; Chasmors Ltd, Camden, London, UK). Body Mass Index was calculated as weight(kg)/height(m) 2 . We used a validated oscillometric device (OMRON M5-I; Omron, Matsusaka Co, Japan) to measure blood pressure (BP) in the sitting position with appropriate cuff sizes. We took three measures 2-3 minutes apart, and averaged the last two measures for analyses. A diagnosis of hypertension was made if average systolic BP was ≥140 mmHg, average diastolic BP ≥90 mmHg or if there was report of a doctor diagnosis of hypertension [15] .
Participants were asked to attend fasting and the time of their last meal was recorded. Creatinine analysis was performed using the rate-blanked compensated Jaffe method on a Roche COBAS-C311 autoanalyzer. The calibraton for this assay is traceable to isotope dilution mass spectrometry (IDMS). The Cardiac Biochemistry Lab, AIIMS, is part of the UK National External Quality Assessment Scheme (www.ukneqas.org.uk) to quality assure assays.
Whole body DXA scans were performed on a Hologic-DXA machine Discovery-A model (91% scans) or a Hologic-QDR-4500-Elite machine (www.hologic.com) (9% scans). Scans were individually checked for major artefacts and if present were removed from the analyses. As quality assurance, a spine phantom was scanned daily to check for acceptable ranges. Total skeletal muscle mass was determined from the lean body mass of all four extremities multiplied by 1.33 [16] . Body Surface Area was calculated by the Mosteller equation [17] . Renal function was estimated using four measures, including Rule's formula incorporating measured muscle mass [11] :
Renal function estimating equations: CKD was classified according to the KDOQI guidelines [18] . As information on proteinuria was unavailable, CKD 1 and 2 were not identified. We defined an eGFR <60 ml/min/1.73 m 2 (CKD stages 3-5) as 'CKD' and an eGFR ≥60 ml/min/1.73 m 2 as 'No CKD'. In clinical practice, the diagnosis of CKD requires evidence of reduced function for ≥3 months; in epidemiological studies a single estimate of GFR is accepted [19] .
All creatinine-based GFR formulae use the serum creatinine concentration and demographic variables to empirically derive an estimate of GFR. Serum creatinine concentration is determined by the arithmetical relationship between creatinine generation rate and glomerular filtration rate, whilst noting that CCl is not precisely the same as GFR, particularly when GFR is low, because of tubular secretion. Therefore the formulae are, in effect, different ways of estimating creatinine generation rate from demographic characteristics, estimating GFR from this together with the serum creatinine concentration. Creatinine generation rate should then be:
Creatinine generation rate (mmol/24 h) = CCl or GFR (ml/min) × serum creatinine (mmol/ml) × 1440 (min) Given that creatinine generation rate is proportional to muscle mass, one would expect to find a linear correlation between the two. The tightness of this correlation would be a measure of the accuracy of each formula.
Statistical analyses
Linear regression and Pearson's correlation coefficient were used to investigate the relationship between each estimate of renal function and DXA measured skeletal muscle mass. Bland-Altman plots, which plot the difference (delta) between two formulae against the average, were used to visually compare the relative performance of each formula. To assess how each formula may perform across a range of ages, we regressed the difference in 24 h creatinine production as estimated by the DXA based Rule formula and the traditional formulae, against age to examine for any systematic bias (increasing/de creasing differences with age). We tested for any differences in the regression coefficients using a heterogeneity test.
All creatinine-based renal function formulae underperform systematically at high GFRs. Renal function estimates therefore underwent log 2 -transformation to allow this error to be more normally distributed. Therefore, one unit increase change is equivalent to doubling renal function. We used logistic regression to assess the association between the transformed renal function estimates and our disease end-points, vascular disease and hypertension, both unadjusted and adjusted for age. We undertook sex-stratified and combined analyses after formally testing for any sex interaction.
The study included related individuals who are not truly independent, so we used robust standard errors in our regression models to allow for any family clustering effect. This provides wider 95% confidence intervals than conventional methods. Statistical analyses were performed using Stata 11.
Results
The study sample comprised 917 adult subjects (mean age 48.5 ± SD 8.3 years) and roughly equal numbers of men and women ( Table 1 ). The crude mean muscle mass in women was 7.8 kg (95% CI 7.7-7.9) less than that in men. However, the BMI of women was 2.2 kg/m 2 higher than that of men (95% CI 2.1-2.3). The mean eCCl by mCG was 98.8 ml/min/ 1.73 m 2 and by Rule' s formula 103.2 ml/min/1.73 m 2 . eGFR as estimated by MDRD was 91.2 ml/min/1.73 m 2 and by CKD-EPI 96.3 ml/min/1.73 m 2 . Generally, estimates of excretory renal function were higher in women than in men. In men the Rule formula generated the highest estimate of renal function, followed by CKD-EPI, mCG and MDRD. In women, the findings were slightly different with mCG generating a higher estimate than CKD-EPI.
In the total population the estimated prevalence of CKD stages 3-5 showed up to 10 fold variability; the highest was with mCG (6.7%) followed by MDRD (4.4%), CKD-EPI (2.0%) and finally Rule formula (0.6%). In general, prevalence was higher in men compared to women ( Table 1 and Additional file 1: Figure S1 ).
We examined whether there was any systematic bias between the different formulae according to the level of renal function. The Bland-Altman plots (Additional file 1: Figure S3 ) showed that the variation in the differences between formulae gets larger as the mean level of renal function increases but in a non-specific fashion except for CKD-EPI. The CKD-EPI formula shows a biased pattern: under-estimating renal function compared to the other formulae at the high end of function.
Association between estimated creatinine production and muscle mass
Overall, lean muscle mass explained a greater proportion of the variance in 24 h creatinine production as estimated by MDRD, though this was not the case in the gender specific analyses. Overall and in the genderspecific analyses, the strength of the relationship, as measured by the regression gradient, was strongest with mCG. The strongest correlation was seen with the Rule formula, which was unsurprising as this was itself derived against DXA measures (Additional file 1: Table  S1 and Additional file 1: Figure S3 ).
Formula estimated adjustment of muscle mass with age
As the Rule formula was most closely related to measured muscle mass it was used as the closest estimate of 24 h creatinine production. The difference between 24 h creatinine production as estimated by the other formulae and that by Rule was regressed against the subjects' age. All formulae underestimated the 24 h creatinine production when compared to the Rule formula. Both mCG and CKD-EPI showed a marked negative association with age (regression coefficients per year increase -0.072 (95% CI -0.080 to -0.065) and -0.035 (95% CI -0.044 to -0.027) respectively so that they underestimate 24 h Cr production more in the old than the young (Figure 1 ). This was less marked for the MDRD formula (regression coefficients per year increase -07.012 (95% CI -0.021 to -0.003) (formal heterogeneity test between coefficients p<0.001).
Association with vascular disease and hypertension
All formulae showed an inverse association with combined cardiac and cerebrovascular disease so that disease status was associated with worse renal function ( Table 2 ). This was, in general, stronger for men than women. After adjustment for age these associations were attenuated; CKD-EPI had the strongest inverse association but the wide 95% confidence intervals show there is no strong evidence that one formula is superior to the others. For hypertension there was an inverse association in the crude analysis with a stronger association for women. The CKD-EPI formula had the strongest association but again overlapping 95% confidence intervals. After age adjustment the association attenuated so that they were consistent with chance. Differences in the effect estimates by gender were consistent with chance (all p-values for interaction >0.05).
Discussion
This is a large study of renal function in a mixed urbanrural Indian population. The comparison with measured muscle mass provides an insight into the ability of demographic variables to estimate creatinine generation in Indian populations. This is important as the demographic variables used as surrogates for variability in creatinine production and excretion were developed in White populations and thus may not be generalisable to other ethnicities.
The mean eCCl derived from the Rule formula in healthy White Americans was 104±26 ml/min/1.73 m 2 as compared to 103.2±20.4 ml/min/1.73 m 2 in our Indian population [11] . It is interesting to note that the Indian population in this study had a lower mean total body mass and a lower BMI compared to the Rule's population, but that muscle mass was comparable (Additional file 1: Table S2) showing that this Indian group is relatively lean. However, our population contained both rural and urban residents, and with a gradient of increasing obesity with urbanization recognized [20] these results should not be generalised to urban Indian populations.
Of the traditional GFR estimating equations, MDRD derived 24 h creatinine production was most strongly correlated with DXA measured muscle mass. MDRD was the only formula which did not have a marked differential bias with age and thus may be the most suitable at predicting age-related differences in muscle mass and creatinine production. The mCG formula generates the highest mean clearance but also gives the highest proportion of those with CKD 3-5, which at first sight appears paradoxical. This is explained by the distribution of creatinine clearance which appears to have a larger right sided tail using mCG (Additional file 1: Figure S1 ).
The Rule formula led to the highest estimate of GFR, suggesting that the other formulae underestimate true muscle mass in this population. Importantly, the estimate of the prevalence of CKD 3-5 varies from 0.6% to 6.7% depending on which formula is used. This highlights how comparisons of studies estimating the prevalence of CKD are limited if different formulae are used and has important implications for health service planning. We didn't find evidence that one formula was better than the others in predicting vascular disease and hypertension. This study is the largest comparison of different estimates of creatinine clearance in an Indian population which also has DXA derived measures of muscle mass. It does, however, have several important limitations. (1) Lack of a gold standard. We did not compare the calculated GFR and CCl estimates with a 'measured gold standard'. However, the assumption that measured GFR is the 'gold standard' against which all estimating formulae should be compared has been called into question [21] . There's no universally recognised gold standard method of measuring GFR and different methods often yield different measurements. Measured GFR has not been shown to be better than other markers of renal disease at predicting outcomes associated with poor renal function [22] . Determining with great accuracy 'actual' GFR is less a priority than calculating a person's risk of clinical complications. (2) CCl over-estimates GFR GFR estimating equations have been developed to estimate GFR against measured GFR and underestimate measured CCl by approximately 15% [23] . CG was developed to estimate CCl by regressing UCCl/kg body weight onto (See figure on previous page.) Figure 1 Association between the difference in estimated 24 hour creatinine production using Cockcroft-Gault, MDRD, CKD-EPI compared to the Rule formula regressed against age of the participant. a) Difference (delta) between 24 h creatinine production derived from Cockcroft-Gault and 24 h creatinine production from the Rule formula. b) Difference (delta) between 24 h creatinine production derived from MDRD and 24 h creatinine production from the Rule formula. c) Difference (delta) between 24 h creatinine production derived from CKD-EPI and 24 h creatinine production from the Rule formula.
age [24] . Direct comparison of CCl and GFR is therefore limited but in clinical practice they are used similarly. (3) Estimating Muscle Mass from DXA scans Wang et al's original work, concluding that appendicular muscle mass constitutes approximately 75% of total body skeletal muscle mass [16] , was on a sample of 25 White men. In further work ethnicity was not found to be a significant predictor of skeletal muscle, but of the 414 study subjects, only 0.12% were ' Asian' [25] . We applied Wang's estimate to an Indian group, although lacking validation data in this population. However, any error should apply equally to all the compared formulae. (4) Contribution of diet and metabolism Creatinine is mainly produced by muscle breakdown, largely determined by muscle mass but affected by dietary protein and metabolic rate. The effect of dietary protein is minimised by ensuring serum creatinine is measured on a fasting blood sample [26] , as in this study. Metabolism was not examined. (5) Comorbidity measures There may have been under-ascertainment of vascular end-points in rural areas, compared to urban which benefit from employment health facilities. This may have attenuated true associations. This study supports previous evidence that formulae to estimate renal function based on serum creatinine and demographic characteristics are all imprecise due to the impossibility of predicting steady-state creatinine generation in an individual. The MDRD formula appears less variable and less biased by age in the prediction of creatinine generation. However there was no convincing evidence that any one measure was superior in predicting complications of CKD; this may be due to a low prevalence of complications in this relatively young, healthy population. Follow-up will show which estimate of renal function is most strongly associated with comorbidities. Further work is required to determine the most useful estimate of renal function in an Indian population. Given the large and increasing burden of diabetes and obesity in India, this will be of major future importance in planning future renal care services.
